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Introduction: 

Eukaryotes have evolved sophisticated mechanisms to prevent the biosynthesis of mutant 

proteins that may produce potential deleterious effects on the overall fitness of the 

organism.  One such mechanism is nonsense-mediated mRNA decay (NMD), a pathway 

conserved from yeasts to humans.  Tumor suppressor genes (as well as genes mutated 

randomly) often harbor nonsense mutations in tumors, and the vast majority of their 

mutant transcripts are degraded by the NMD pathway to prevent the 

production/accumulation of truncated proteins.  Recently, inhibition of the NMD pathway 

in cancer cells has been used to identify transcripts bearing nonsense mutations in cancer 

cells (1-5).  The aim of this project was to:  (1)  identify breast cancer cell lines which 

harbor genetic alterations of chromosome 22q that are indicative of the presence of a 

potential tumor suppressor gene on this chromosome; and  (2)  to apply the NMD-

microarray analysis strategy to identify candidate tumor suppressor genes on 

chromosome 22q bearing nonsense mutations in the aforementioned breast cancer cell 

lines.   

 

Body: 

(1)  To identify the most appropriate breast cancer cell lines to use for this study, genetic 

alterations were assessed using complimentary approaches.  Data from several different 

sources were integrated to arrive at a short list of breast cancer cell lines likely to harbor 

copy number loss, and/or allelic imbalance on the long arm of chromosome 22q, which 

could subsequently be interrogated in a more detailed analysis.  Information was obtained 

from the following publically-available sources. 

 

1)  Microsatellite-based allelic imbalance data (7 loci):  Catalogue of Somatic Mutations 

in Cancer (COSMIC).  http://www.sanger.ac.uk/cgi-

bin/genetics/CGP/genotyping/lohmap

 

2)  Single nucleotide polymorphism (SNP) array-based allelic imbalance and DNA copy 

number data:  Catalogue of Somatic Mutations in Cancer (COSMIC).  

http://www.sanger.ac.uk/cgi-bin/genetics/CGP/CGHviewer.cgi
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3)  Spectral karyotyping and comparative genomic hybridization (CGH) data:  NCBI 

SKY/M-FISH and CGH Database.  http://www.ncbi.nlm.nih.gov/projects/sky/  (6) 

 

4)  Published articles:  N.C.B.I. PubMed. 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=PubMed  (7) 

 

Analysis and integration of the aforementioned genetic and genomic data revealed four 

breast cancer cell lines with abnormal chromosome 22q structure.  Figure 1 displays the 

array-based comparative genomic hybridization (CGH) profiles for chromosome 22q in 

MCF-7, T-47D, and BT-474 cells (7).  Statistically significant DNA copy loss was 

observed for MCF-7 and T-47D cell lines, but not for BT-474 cells.  Additional 

information was obtained from the COSMIC SNP arrays (8, 9).  First-generation 

Affymetrix 10K SNP arrays were used to generate the information contained in the 

COSMIC database.  Despite representing a major improvement over CGH arrays, the 

average spacing between SNPs in the 10K array was likely to still be too small to detect 

changes involving only a small interval.  Therefore, to obtain a more detailed profile, 

genomic DNA was prepared from these three breast cancer cell lines and also MDA-MB-

231 and Hs578T breast cancer cells (data not shown) and applied to Illumina’s 317K 

HumanHap300-Duo Genotyping BeadChip 

(http://www.illumina.com/pages.ilmn?ID=153).  This BeadChip contains over 318,000 

tag SNPs derived from Phase I HapMap data resulting in a median inter-SNP spacing of 

approximately 5 kb.  Importantly, the BeadChip contains a higher density of tag SNPs in 

regions of the genome that are within 10 kb of a gene or in evolutionarily conserved 

regions.  These data confirmed that none of the four cell lines contained normal diploid 

chromosome 22 (see Figure 2A-2E). 

 

(2)  Nonsense-mediated mRNA decay is initiated when the translational machinery 

encounters a premature stop codon (introduced by point mutation or frameshift mutation) 

in an exon preceding the terminal exon.  The ribosome senses the inappropriate location 

by interaction with components of the spliceosome that remained associated with the 
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downstream exon-exon junction following splicing of the intervening intron.  This then 

triggers a kinase signaling cascade, which culminates in the recruitment of endonucleases 

and exonucleases that degrade the offending transcript.  Therefore, transcripts containing 

truncating mutations can be stabilized by treating cancer cells with inhibitors of 

translation such as emetine or puromycin (1).  A strategy for identification of potential 

tumor suppressors was developed involving two separate gene profiling comparisons.  In 

the first comparison, cells are treated with emetine alone (100 μg/ml) or vehicle.  In the 

second comparison, cells are treated with emetine (100 μg/ml) plus Actinomycin D (2 

μg/ml) or Actinomycin D alone (1).  As inhibition of translation produces a non-specific 

stress response involving de novo transcription, gene transcription was also blocked in 

the second comparison using Actinomycin D.  Therefore, transcripts that truly bear 

truncating mutations should be upregulated in both comparisons after gene expression 

profiling of the drug-treated cells.  Indeed, this strategy (termed gene identification by 

NMD inhibition; GINI) was used to identify EPHB2 as a novel tumor suppressor gene in 

prostate cancer (3).   

 However, Ionov and colleagues correctly pointed out that the second microarray 

comparison is technically challenging due to the low overall mRNA levels resulting from 

a four-hour treatment with Actinomycin D (5).  To overcome this, a modified strategy 

was developed termed GINI-2 [see attached publication; (5)].  In this strategy, the first 

comparison is very similar to that in GINI-1, whereby cells treated with an inhibitor of 

NMD are compared to vehicle alone-treated cells.  However, the second comparison 

entails treatment with NMD inhibitor plus Actinomycin D or Actinomycin D alone after 

a pre-treatment of the cells with the NMD blocker.  Pre-treatment of cells with the NMD 

inhibitor allows the accumulation of both nonsense-mutated and stress response genes.  

Following this, transcripts containing a true nonsense mutation(s) should be degraded 

rapidly when Actinomycin D is applied in the absence of ongoing NMD blockade (5).  

This should occur less so when transcription is inhibited in conjunction with continuing 

blockade of NMD (Figure 3).  The other major difference in GINI-2 is that the NMD 

pathway is blocked by inhibition of a protein kinase whose activity is required for the 

initiation of NMD (10).  Specifically, activity of the phosphatidylinositol 3’ kinase-like 
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enzyme hSMG-1 is inhibited using caffeine (10 mM), rather than employing a global 

inhibition of translation with emetine (11). 

 As a result of these protocol modifications, GINI-1 and GINI-2 were compared 

(Figure 4) for their ability to detect a truncating TP53 mutation in PC-3 prostate cancer 

cells (mutant) and MCF-7 breast cancer cells (wild-type).  As expected, treatment of cells 

with emetine alone for 8h or caffeine alone for 4h resulted in an increase of p53 mRNA 

levels.  In GINI-1, treatment with Actinomycin D and emetine (4h) resulted in a 7.8-fold 

increase in expression compared with emetine alone (4h).  Similarly, following a 4h pre-

treatment with caffeine in GINI-2, subsequent treatment with Actinomycin D and 

caffeine (4h) lead to a 6.2-fold increase in p53 mRNA levels over Actinomycin D alone 

(4h).  Surprisingly, there was little difference in p53 mRNA abundance after incubation 

with Actinomycin D regardless of whether pre-incubation with caffeine occurred (Figure 

4).  In MCF-7 cells, both sets of drug treatments in both GINI-1 and GINI-2 resulted in 

very modest increases in p53 gene expression (Figure 5). 

In addition to the trials using the TP53 gene, potential off-target effects of both 

treatment regimens was also assessed by measuring responses of the PPARG gene (wild-

type in both PC3 and MCF-7 cell lines).  Treatment with emetine alone or caffeine alone 

yielded modest increases in total PPARG mRNA levels in PC3 cells (Figure 6).  

However, GINI-2 outperformed GINI-1 in the second set of drug treatments.  The 

combination of Actinomycin D and caffeine produced a 2.1-fold increase in PPARG 

mRNA versus control, whereas Actinomycin D plus emetine resulted in a 4.3-fold 

increase over control, therefore suggesting that GINI-2 may have fewer off-target effects 

than GINI-1.  In MCF-7 cells, the GINI-2 regimen also perturbed PPARG mRNA levels 

less than did GINI-1 (Figure 7). 

 Primarily due to an apparent milder effect on wild-type mRNA levels, GINI-2 

was selected for use in the NMD-microarray analysis in the current study.  Hence, three 

breast cancer cell lines (MCF-7, T-47D, and MDA-MB-231) with chromosome 22q 

alterations (see above) were subjected to GINI-2 in duplicate followed by RNA isolation 

using Trizol reagent, thus resulting in 8 independent RNA samples for each cell line.  The 

24 RNA samples were submitted for gene expression analysis at the Penn Microarray 
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Core Facility (http://www.med.upenn.edu/microarr/) on Affymetrix U133_Plus_2 gene 

chips and the results of this analysis are eagerly anticipated. 

 

Key Research Accomplishments: 

• Genome-wide assessment of DNA copy number and allelic imbalance in MCF-7, 

T-47D, BT474, MDA-MB-231, and Hs578T breast cancer cell lines using 

Illumina 317K HumanHap300-Duo Genotyping BeadChip. 

• Comparison of GINI-1 versus GINI-2 protocol for NMD-microarray study with 

selection of GINI-2. 

 

Reportable Outcomes: 

• Genome-wide DNA copy number and allelic imbalance data in MCF-7, T-47D, 

BT474, MDA-MB-231, and Hs578T breast cancer cell lines (and cultured normal 

human skin fibroblasts) using Illumina 317K HumanHap300-Duo Genotyping 

BeadChip. 

• Data from the 24 samples subjected to NMD-microarray analysis will be 

submitted to the Gene Expression Omnibus (GEO) repository for microarray data 

(http://www.ncbi.nlm.nih.gov/geo/). 

 

Conclusion: 

This project sought to identify genes that harbor nonsense mutations in breast cancer cell 

lines that are commonly used as in vitro models in the study of breast cancer biology, 

with the ultimate aim of identifying novel tumor suppressor genes for sporadic breast 

cancer.  We focused our efforts on the long arm chromosome 22 which is known to 

undergo LOH in primary breast tumors.  Before the NMD-microarray strategy could be 

undertaken, we very thoroughly characterized chromosome 22q copy number and allelic 

imbalance in several breast cancer cell lines by integrating publicly available genetic data 

with empirical data derived from 317K SNP arrays. MCF-7, T-47D, and MDA-MB-231 

cell lines were subjected to the GINI-2 NMD protocol and we await the results of the 

Affymetrix expression arrays so that interrogation of the expression data may begin. 
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ORIGINAL ARTICLE

Identifying candidate colon cancer tumor suppressor genes using inhibition

of nonsense-mediated mRNA decay in colon cancer cells

I Ivanov, KC Lo, L Hawthorn, JK Cowell and Y Ionov

Department of Cancer Genetics, Roswell Park Cancer Institute, Buffalo, NY, USA

Inhibition of the nonsense-mediated decay (NMD) me-
chanism in cells results in stabilization of transcripts
carrying premature translation termination codons. A
strategy referred to as gene identification by NMD
inhibition (GINI) has been proposed to identify genes
carrying nonsense mutations. Genes containing frameshift
mutations in colon cancer cell line have been identified
using a modified version of GINI. To increase the
efficiency of identifying mutant genes using GINI, we
have now further improved the strategy. In this approach,
inhibition of NMD with emetine is complemented with
inhibiting NMD by blocking the phosphorylation of the
hUpf1 protein with caffeine. In addition, to enhance
the GINI strategy, comparing mRNA level alterations
produced by inhibiting transcription alone or inhibiting
transcription together with NMD following caffeine
pretreatment were used for the efficient identification of
false positives produced as a result of stress response to
NMD inhibition. To demonstrate the improved efficiency
of this approach, we analysed colon cancer cell lines
showing microsatellite instability. Bi-allelic inactivating
mutations were found in the FXR1, SEC31L1, NCOR1,
BAT3, PHF14, ZNF294, C19ORF5 genes as well as
genes coding for proteins with yet unknown functions.
Oncogene (2007) 26, 2873–2884. doi:10.1038/sj.onc.1210098;
published online 6 November 2006

Keywords: nonsense-mediated decay; mutations; caffeine;
GINI

Introduction

It is widely accepted that the transformation of colon
epithelial cells results from the activation of oncogenes
as well as the inactivation of tumor suppressor genes
controlling cell proliferation and survival (Vogelstein
and Kinzler, 2004). In colon cancer cell lines with
microsatellite instability (MSI) (Aaltonen et al., 1993;

Ionov et al., 1993; Thibodeau et al., 1993), the high
overall mutation frequency caused by the inactivation of
DNA mismatch repair (MMR) genes (Fishel et al., 1993;
Leach et al., 1993) results in the mutational inactivation
of tumor suppressor genes. Consequently, these cell lines
provide a valuable tool for identifying colon cancer
related tumor suppressor genes. According to the
two-hit hypothesis of tumorigenesis (Knudson, 1971),
inactivating mutations affecting both alleles of a gene
suggest a tumor suppressor function for the mutated
gene.

Even though the genes mutated in colon tumors with
MSI are often different from those mutated in MSI-
negative tumors, the tumorigenic pathways affected by
these mutations are often the same. For example, the
absence of p53 mutations in colon cancers with MSI is
often accompanied by mutations in the BAX (Rampino
et al., 1997) or P300 genes (Ionov et al., 2004a), both of
which are involved in the p53 signaling pathway.
Another example involves the transforming growth
factor (TGF)b signaling pathway. In contrast to MSI-
positive tumors, colon cancers without MSI rarely have
inactivating mutations in the TGFb receptor type II
gene, although they frequently show mutations in
SMAD4, a downstream effector of TGFb signaling
(Salovaara et al., 2002). This observation implies that
identifying genes containing bi-allelic inactivating muta-
tions in colon cancer cell lines with MSI will identify
potential tumor suppressor genes or tumorigenic path-
ways related to malignant transformation. This obser-
vation is reinforced if the expression of these genes is
also lost in primary tumor samples.

Gene inactivating events frequently result from
nonsense or frameshift mutations, which create pre-
mature translation termination codons (PTC). Such
mutations frequently elicit a rapid degradation of the
mutant mRNA through the nonsense-mediated mRNA
decay (NMD) pathway (Holbrook et al., 2004; Maquat,
2005; Weischenfeldt et al., 2005). NMD is an mRNA
surveillance pathway, which prevents the production of
truncated proteins that result mainly from the products
of aberrant splicing. NMD is activated when multi-
protein exon junction complexes (EJC) assemble on the
sites of exon/exon junctions that are not removed from
the spliced mRNA after the pioneer round of translation
(Ishigaki et al., 2001). These EJCs are removed from the
spliced mRNA during the movement of translated
mRNA through the ribosome. When the translation

Received 15 June 2006; revised 21 August 2006; accepted 27 September
2006; published online 6 November 2006

Correspondence: Dr Y Ionov, Department of Cancer Genetics,
Roswell Park Cancer Institute, Elm and Carlton Streets, Buffalo,
NY 14263, USA.
E-mail: Yurij.Ionov@RoswellPark.org

Oncogene (2007) 26, 2873–2884
& 2007 Nature Publishing Group All rights reserved 0950-9232/07 $30.00
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machinery stalls on a PTC located more than B50
nucleotides upstream of the last exon/exon junction, the
unremoved EJCs downstream of the PTC recruit the
Upf protein complex, which initiates the degradation of
the PTC-containing mRNA transcripts (Holbrook et al.,
2004).

Inhibition of translation has been shown to inhibit
NMD and result in the accumulation of PTC-containing
mRNA transcripts (Ishigaki et al., 2001). The increase in
mRNA levels produced by inhibition of NMD can be
detected using gene expression microarrays (Noensie
and Dietz, 2001). The strategy of gene identification by
NMD inhibition (GINI) provides an opportunity for the
genome-wide identification of genes containing inacti-
vating mutations (Noensie and Dietz, 2001). Using
cDNA microarrays, Noensie and Dietz (2001) have
demonstrated that blocking translation with emetine,
for example, results in an elevated mRNA content for
genes known to contain bi-allelic inactivating mutations.
Although several genes mutated in colon and prostate
cancer cell lines have already been identified (Huusko
et al., 2004; Ionov et al., 2004b; Rossi et al., 2005), the
efficiency of identifying mutations using the GINI
strategy is still low, because too many genes that do
not contain mutations also show mRNA increases
following inhibition of NMD as a result of a stress
response. This complication often makes it difficult to
select candidate genes for sequencing analysis.

To improve the efficiency of identifying mutant genes
using GINI, we evaluated different methods of NMD
inhibition in this study. As a result, we have developed a
modified version of GINI analysis (termed GINI2) that
is more efficient in distinguishing those genes containing
PTC from false positives that show mRNA increases
due to a stress response to NMD inhibition. When we
applied this GINI2 version to the analysis of colon
cancer cell lines, a significantly increased number of
genes containing bi-allelic inactivating mutations were
identified. Some of these genes were also frequently
mutated in primary colon tumors.

Results

Inhibition of NMD with caffeine can be used to detect
NMD-mediated degradation of PTC-containing mRNA
transcripts
We have shown previously (Ionov et al., 2004b) that
increases of mRNA levels following inhibition of NMD
can result from increased transcription of genes owing
to a stress response to emetine. To overcome this
problem, we developed a strategy to detect stabilization
of mutant mRNA by combining the inhibition of NMD
with the inhibition of transcription using actinomycin
D. Although this approach has proved successful in
identifying inactivating mutations in colorectal cancer
cell lines (Ionov et al., 2004b), the analysis was
compromised by the overall reduction in the levels of
mRNA transcripts because of actinomycin D treatment.
As a result, detectable hybridization signal forB50% of
the genes present on the microarray was lost. Thus,

genes that might have been mutated, but which were
expressed at only moderate to low levels, were excluded
from detection.

To overcome this limitation, we have modified our
method of simultaneous inhibition of NMD and
transcription (Ionov et al., 2004b). An additional step
has been introduced into our original protocol (Ionov
et al., 2004b), which involves inhibiting NMD for
several hours before blocking either transcription alone
or transcription together with NMD. Inhibiting NMD
before blocking both transcription and NMD should
result in higher basal amounts of mutant mRNA, and
consequently should result in stronger microarray
hybridization signal for mutant genes. The predicted
changes in mRNA levels for mutant and stress response
genes following these different protocols of NMD
inhibition are shown schematically in Figure 1.

This strategy was tested using the LS180 and RKO
colon cancer cell lines, which we have previously shown
to carry mutations in the TGFBR2 and P300 genes,
respectively. These mRNAs are degraded by NMD
(Ionov et al., 2004b) in these cell lines. Surprisingly, no
significant difference in mRNA levels from the mutant
genes were seen after incubation in the presence of
actinomycin D, with or without emetine, following the
initial pretreatment with emetine (data not shown). This
was possibly due to the fact that emetine levels remain
high within the cells, even after an extensive washing
procedure. We, therefore, investigated using a different
pharmacological inhibitor of NMD.

Sequential phosphorylation and dephosphorylation
of the hUpf1 protein by the human suppressor with
morphogenetic effect on genitalia-1 (hSMG-1) phos-
phatidylinositol 3-like kinase and protein phosphatase
2A (PP2A), respectively, is required for the initiation of
NMD-induced mRNA degradation (Ohnishi et al.,
2003; Brumbaugh et al., 2004). Moreover, a pharmaco-
logical block of NMD using caffeine or wortmannin,
which inhibit hSMG-1 phosphorylation, has been
reported previously (Usuki et al., 2004). We therefore
analysed whether inhibition of either hSMG-1 kinase or
PP2A phosphatase affects the stability of the mutant
P300 and TGFBR2 genes in RKO and LS180 cells.
Incubation with either caffeine (an inhibitor of hSMG-1
kinase), or okadaic acid or cantharidin (inhibitors of
PP2A phosphatase) were shown using reverse transcrip-
tion–polymerase chain reaction (RT–PCR) analysis
(Figure 2a) to increase the amounts of the mutant
P300 and TGFBR2 mRNAs in RKO and LS180 cells,
respectively. Importantly, at the doses required to
inhibit NMD, incubation with caffeine resulted in only
minimal cell death, compared with okadaic acid and
cantharidin. We therefore replaced emetine with caffeine
in our GINI strategy. Northern blot analysis (Figure 2b)
confirms that a significant increase of mutant TGFBR2
mRNA was present following incubation of LS180 cells
with caffeine for 4.5 h. Next, we tested whether
pretreatment with caffeine would affect NMD activa-
tion following caffeine withdrawal. Northern blot
analysis (Figure 3) demonstrates that pretreatment with
caffeine, but not with emetine, results in significant
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differences in mutant TGFBR2 mRNA levels in LS180
cells following either inhibition of transcription together
with NMD, or inhibition of transcription only. This
result illustrates that caffeine pretreatment can be used
as an alternative to emetine to enhance the detectability
of the microarray hybridization signals for mutant
transcripts following inhibition of transcription with
actinomycin D.

Identifying genes containing inactivating mutations in
colon cancer cell lines using inhibition of NMD and
Affymetrix genechip analysis
We used Affymetrix Genechip hybridization to measure
the mRNA profile alterations produced by two alter-
native strategies of NMD inhibition, which are illus-
trated in Figure 1a and c. In the first method
(Figure 1a), emetine was used to inhibit NMD as
described in the original GINI protocol (Noensie and
Dietz, 2001). The second method is a modification of
our previously described (Ionov et al., 2004b) protocol
for simultaneous inhibition of NMD and transcription,
which is illustrated in Figure 1b. For convenience, we
refer to the original emetine treatment as GINI1 and the
modified caffeine protocol as GINI2. In the GINI2
protocol, caffeine was used to first inhibit NMD, thus
allowing for an accumulation of mutant mRNAs in the
cells (Figure 1c). The caffeine was then removed and the
cells were treated further with either actinomycin D
alone or actinomycin D and caffeine together. RNA

from these experiments was then analysed using the
U133Plus2.0 arrays.

It has been shown that the genes mutated in MSI-
positive cells are generally different from those mutated
in MSI-negative cells (Ionov et al., 1993; Konishi et al.,
1996; Lengauer et al., 1998). Thus, to identify mutated
genes in MSI (þ ) LS180 cells, we compared the GINI1
and GINI2 results from this cell line with those obtained
using MSI (�) SW480 cells, assuming that different
genes would be mutated in these two cell lines. Total
RNA was isolated from both LS180 and SW480 cells
treated according to either GINI1 or GINI2 protocols,
as well as from untreated cells, and the mRNA levels
were analysed using Affymetrix U133Plus2.0 GeneChip
hybridization. The hybridization data were then com-
pared between treated and untreated cells and the signal
log ratios (SLRs), which equal Log2 of fold changes of
hybridization signal intensities produced by drug treat-
ments, were calculated using the Affymetrix Microarray
Suite version 5.0. The row data represented as .CEL files
for GINI1 and GINI2 analyses for SW480 and LS180
cells have been submitted to GEO databases (accession
number GSE5486).

Candidate genes for subsequent sequence analysis
were selected according to three arbitrarily chosen
parameters: (1) show a SLR¼Log2 (fold change)
X1.7 in LS180 cells and an SLRp1 in SW480 following
emetine treatment, (2) show SLR X1 in LS180 cells
following the GINI2 protocol and (3) show the intensity
of hybridization signal for untreated LS180 cells lower

Figure 1 Theoretical depiction of changes in mRNA levels for stress response and PTC-containing genes following different protocols
to inhibit NMD. (a) Continuous treatment of cells with an inhibitor of NMD results in increase of mRNA levels for PTC-containing
genes, as well as for stress response genes. Microarray hybridization analysis cannot distinguish between the two causes of these
increases: the enhanced mRNA synthesis due to stress response or the decreased mRNA degradation in case of PTC-containing genes.
(b) When transcription is prevented using actinomycin D, even though NMD is blocked, the levels of PTC-containing transcripts and
stress response genes are too low to be efficiently detected on microarrays. Changes in mRNA levels induced by NMD inhibition
detected by hybridization analysis for many genes are within the ‘hybridization noise’, and are not reliable. (c) Blocking NMD for 4 h
allows the accumulation of both PTC-containing transcripts and stress response gene transcripts to levels where they can be detected
on the expression arrays. When transcription is blocked after this initial accumulation, the degradation of PTC-containing transcripts
will occur quickly if the NMD blocking agent is removed, or will be delayed when NMD is sustained. The degradation of stress
response transcripts after blocking transcription, on the other hand, does not depend on NMD. As a result, significant mRNA
differences will be detected on the expression array for PTC-containing genes but not for the stress response genes.
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than that for the untreated SW480 cells. This follows as
we expected that the levels of mutant transcripts in
LS180 cells should be lower than corresponding wild-
type levels in SW480 cells as a result of NMD
degradation of mutant transcripts. This approach has
proved effective in the past in our analysis of prostate
cancer cell lines (Rossi et al., 2005). To further minimize
the false discovery rate produced by hybridization
‘noise’, we excluded those genes which were scored as
‘absent’ by the Affymetrix analysis tool, either in the
emetine treated LS180 cells or the untreated control
SW480 cells. Of the approximately 55 000 probe sets
representing approximately 20 000 unique genes on the
Affymetrix U133Plus2 gene expression array, 15 candi-
date genes were identified (Table 1a) using these criteria.
Sequencing the cDNA from these genes in LS180 cells
has identified bi-allelic inactivating mutations in 7 genes
(Table 1a).

To select candidates for sequencing we used crude
differences in intensity to calculate the changes in
transcript levels. As the number of false positives
generated by this analysis was still relatively high (eight
out of 15 candidates), we tested whether using addi-
tional statistical analysis could improve the efficiency of
candidate selection. To do this, we used an adaptation
of Robust Multi-Chip Average (RMA) (Irizarry et al.,
2003), with specific correction for GC biases known as
GC-RMA (Wu et al., 2004). When this statistical
analysis was applied to the GINI1 and GINI2 row
data, four genes from the original list were eliminated as
well as one gene (CTNND1), which had been shown to
contain bi-allelic mutations. This gene was located at the
limit of the threshold cutoff, which supports the idea of
reanalysing the data with more liberal thresholds. As a
result of GC-RMA analysis, therefore, the efficiency of
identifying mutant genes was greater than 50% (six
mutant genes out of 10 candidates as seen in Table 1b).
We also used GC-RMA analysis to test the efficiency of
selecting candidate genes following GINI1 or GINI2
protocols separately. Neither GINI1 nor GINI2 alone
achieve the same efficiency of analysis of combined
GINI1 and GINI2 protocols. A possible explanation

Figure 2 Accumulation of mutant P300 and TGFBR2 mRNAs in
RKO and LS180 cells, respectively, following different approaches
of NMD inhibition. (a) RT–PCR analysis demonstrates that,
similar to incubation with emetine, incubation with 10mM caffeine
as well as with 100 nM okadaic acid or 100 nM cantharidin results in
increased amounts of mutant (in RKO cells) but not wild-type
(in LS180 cells) P300 mRNA, as well as mutant TGFBR2 mRNA
(in LS180 cells). Total RNAs for the RT–PCR analysis were
prepared following 3-h incubation with the indicated drugs. (b)
Quantitative analysis of TGFBR2 mRNA levels using Northern
blotting. PhosphorImaging demonstrates significant accumulation
of mutant TGFBR2 mRNA in LS180 cells following 4.5-h
incubation with 10mM caffeine.

Figure 3 Blocking mRNA synthesis with actinomycin D, follow-
ing inhibition of NMD with caffeine, but not with emetine
enhances detection of NMD-dependent degradation of mutant
TGFBR2 mRNA in LS180 cells. (a) Northern blot analysis
demonstrates that after 3-h incubation with either emetine
(100 mg/ml) or caffeine (10mM) increased amount of mutant
TGFBR2 mRNA in LS180 cells compared with untreated cells is
observed. (b) (Left) Blocking transcription with actinomycin D
following emetine pretreatment results in similar amounts of
TGFBR2 mRNA when NMD is either inhibited with emetine
(lanes 2 and 4) or not (lanes 1 and 3). Blocking transcription with
actinomycin D (Right) following caffeine treatment results in
significantly different amounts of TGFBR2 mRNA when NMD is
either inhibited with caffeine (lanes 6 and 8) or not (lanes 5 and 7).
Quantification (fold change) was performed using Phosphor-
Imaging.
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why GINI2 alone is not as efficient as in the combina-
tion with GINI1is that, despite the caffeine pretreat-
ment, the subsequent incubation with actinomycin D
results in lower levels of cellular mRNA. As a result,
diminished signal intensities of hybridization are seen,
effectively decreasing the ‘signal to noise ratio’ and
consequently identifying a larger number of false
positives.

Our results demonstrate that analysing changes in
mRNA levels produced using both GINI1 and GINI2

protocols treatment to inhibit NMD is a highly efficient
way to detect mutant genes. By analysing changes in
mRNA levels following the GINI2 protocol, it was
possible to distinguish genes that were stabilized by
NMD inhibition from false positives that show mRNA
increase due to increased transcription induced by a
stress response. Semiquantitative RT–PCR analysis
(Figure 4) illustrates how false positives produced by
stress response to emetine treatment in LS180 cells
can be successfully identified using the GINI2 protocol.

Table 1a Candidate genes for sequencing in LS180 cells

Probe set ID Gene title Gene symbol LS180
emetine
SLR

(change)

LS180
C(A+C)/
CA SLR
(change)

LS180
untreated
signal

(detection)

SW480
untreated
signal

(detection)

SW480-
emetine
SLR

(change)

219121_s_ata RNA-binding motif protein 35A RBM35A 3.6(I) 1.1(I) 143.8(A) 727.4(P) 0.8(I)

225897_at Myristoylated alanine-rich protein

kinase C substrate

MARCKS 3.5(I) 6.7(I) 182.4(A) 540(P) 0.6(NC)

201669_s_at Myristoylated alanine-rich protein

kinase C substrate

MARCKS 3.1(I) 5.2(I) 158.6(P) 1162.6(P) 0.7(I)

222810_s_at RAS protein activator like 2 RASAL2 3.1(I) 1.5(I) 33.4(A) 854.5(P) 0.5(NC)
208944_at Transforming growth factor, beta

receptor II (70/80 kDa)

TGFBR2 2.5(I) 2.2(I) 1974.7(P) 2132.9(P) �1.2(D)

218522_s_at BPY2 interacting protein 1 BPY2IP1 2.2(I) 3.8(I) 339.6(P) 548(P) �0.2(NC)
201637_s_at Fragile X mental retardation,

autosomal homolog 1

FXR1 2.1(I) 2.1(I) 368(P) 6638.8(P) 0.1(NC)

206777_s_at Crystallin, beta B2 CRYBB2 2(I) 1.3(I) 267.2(A) 1080(P) 0.2(NC)
211240_x_at Catenin (cadherin-associated protein),

delta 1

CTNND1 1.9(I) 1(I) 832.4(P) 1730.1(P) 0.4(NC)

222760_at Zinc finger protein 703 ZNF703 1.9(I) 1.3(I) 1856.6(P) 2655.4(P) 0.4(NC)
224326_s_at Polycomb group ring finger 6 PCGF6 1.9(I) 1.1(I) 302.8(P) 698.5(P) 0.1(NC)
225548_at Shroom SHRM 1.9(I) 1.5(I) 573.7(P) 1764(P) 0.8(I)
235521_at Homeo box A3 HOXA3 1.8(I) 3(I) 270.6(P) 1480.2(P) �0.3(D)
204391_x_at Tripartite motif-containing 24 TRIM24 1.7(I) 1.8(I) 902.5(P) 1211.9(P) 0.9(I)
229231_at Leucine rich repeat containing 37B LRRC37B 1.7(I) 1.1(I) 735.1(P) 1030.9(P) 0.9(I)

LS180 as well as SW480 cells were treated with emetine and in addition LS180 cells underwent C(C+A)/CA treatment (See Methods). Changes in
mRNA amounts produced in cells by treatments recorded as signal log2 ratio (SLR) as well as absolute hybridization signal intensities in untreated
cells were analysed using the Affymetrix GeneChip Human Genome U133Plus2.0 array. In the table, the numbers for the SLRs are accompanied
with comments in parenthesis indicating statistically significant increased (I), decreased (D) or not changed (NC). Absolute signal intensities
numbers are accompanied in parenthesis with the comments indicating present (P) or absent (A). Selected genes had to satisfy the following
parameters: (1) SLRX1.7 and SLRX1 in LS180 cells following emetine and C(C+A)/CA treatment, respectively, (2) SLR o1 in SW480 cells
following emetine treatment, (3) absolute signal intensity corresponding to untreated LS180 cells less than that corresponding to untreated SW480
cells, (4) absolute signal intensity corresponding to SW480 cells indicated as present (P) should be >500. aIn bold are the genes with identified
biallelic inactivating mutations.

Table 1b Reduction of the candidate gene list from Table 1a after additional filtering using GCRMA normalized data

Probe set ID Gene title Gene symbol LS180 emetine
SLR (change)

LS180
C(A+C)/CA
SLR (change)

SW480-emetine
SLR (change)

219121_s_at* RNA-binding motif protein 35A RBM35A 5.51 1.10 0.72

225897_at Myristoylated alanine-rich protein kinase C substrate MARCKS 4.68 3.99 �0.09
201669_s_at Myristoylated alanine-rich protein kinase C substrate MARCKS 3.93 5.52 0.75

208944_at Transforming growth factor, beta receptor II

(70/80 kDa)

TGFBR2 2.75 2.56 �1.50

218522_s_at BPY2 interacting protein 1 BPY2IP1 2.99 2.92 �0.46
201637_s_at Fragile X mental retardation, autosomal homolog 1 FXR1 2.60 1.36 0.05

206777_s_at Crystallin, beta B2 CRYBB2 3.89 1.31 �0.26
222760_at Zinc finger protein 703 ZNF703 2.85 1.31 0.35
225548_at Shroom SHRM 1.77 1.42 0.54
235521_at Homeo box A3 HOXA3 2.59 3.42 �0.62

The signal log ratios (SLRs) are generated from the pairwise subtraction between signal log values after GCRMA normalization using ‘gcrma’
library from Bioconductor (www.bioconductor.org).
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RT–PCR analysis is shown for six different genes, none
of which are mutated in the SW480 cell line. Emetine
treatment in the GINI1 strategy in these cells does not
result in an increased level of mRNA from these genes.
In the LS180 cells, the mRNA levels for these genes in
untreated cells is lower than in SW480 cells, which could
be due either to normal variation between the cell lines
or as a consequence of NMD. These genes, therefore,
pass the first requirement in the prioritization. Next, the
fact that emetine treatment of LS180 results in increased
mRNA levels for these genes suggests this is due to
either a stress response or lack of degradation by NMD,
fulfilling the second requirement. Using the GINI2
strategy, no mRNA levels increases are seen for three of
these genes (PIM1, ID2, ENC1), suggesting that they are
stress response genes rather than carrying mutations.
For the other three genes (TGFBR2, CTNND1 and
FXR1), increases in mRNA levels are seen after both
GINI1 and GINI2 protocols, and sequencing analysis
shows that they all carry mutations.

To identify mutated genes in the MSI-negative HT29
colon cancer cells, we compared mRNA profile changes
following NMD inhibition in HT29 cells with that in
LS180 cells. Using the same procedures and selection
algorithm, we identified only four candidate genes in this
comparison. This group included the MADH4 gene,
which has previously been reported to be homozygously
mutated in HT29 (Woodford-Richens et al., 2001). No
mutations were found in the remaining three candidates.
When we lowered the stringency of the analytical filter,
by using a lower numerical ‘cutoff’ for the GINI1 or
GINI2 fold change thresholds, the number of candidates
increased, but still no additional mutant genes were
identified in HT29 cells. Furthermore, we could not
identify PTC-generating mutations in MSI-negative
SW480 colon cancer cells when LS180 or HT29 cells
were used as controls.

The genes containing bi-allelic inactivating mutations
identified so far in MSI-positive colon cancer cell lines
using inhibition of NMD and Affymetrix genechips are
described in Table 2. The prevailing mutation type in
this study was the deletion or insertion of a single
nucleotide in short-coding mononucleotide repeats.
Such sequences represent mutational hotspots in cells
with inactivated MMR (Markowitz et al., 1995;
Rampino et al., 1997) and facilitated the analysis of
these genes in MSI-positive primary colon tumors. To
establish whether the genes identified as mutated in the
colon cancer cell lines were also mutated in primary
colon tumors showing MSI, the mononucleotide repeat-
containing regions in these genes were sequenced in 36
tumors obtained from Oncomatrix Inc. (www.oncomatrix.
com). Table 2 shows the mutation frequencies in
primary colon tumors with MSI for the genes containing
coding mononucleotide repeats longer than seven
repetitive units which are mutated in cell lines. All
analysed genes, except SMAP-1, were found to contain
mutations in primary tumors with the frequencies
largely proportional to the length of the coding
microsatellites. However, some genes had higher muta-
tion frequencies than other genes with the same length
of the coding microsatellite. Moreover, the (A)8 repeat
of the RBM35A gene is mutated with higher (9/36, 25%)
frequency than the (A)9 repeat of the RHAMM gene,
which is mutated in six of 36 (17%) tumors, suggest-
ing the stronger selective pressure for the RBM35A
gene inactivation in primary MSI-positive tumors.
The absence of mutations in primary tumors for the
SMAP-1 gene, encoding for the stromal membrane-
associated protein 1, suggests that the mutations in the
HCT116, SW48 and RKO cells could occur during
in vitro propagation.

Discussion

The original GINI strategy (GINI1) to identify genes
containing nonsense mutations has been used success-
fully in proof-of-principle experiments to identify genes
with known mutations in cell lines. Although it has also
been used successfully to identify novel mutant genes in

Figure 4 Selection of candidate genes for sequencing using
analysis of changes in mRNA levels produced using both GINI1
and GINI2 protocols. These examples illustrate the strategy
for prioritizing genes for sequencing following GINI protocols.
RT–PCR analysis shows mRNA increases for six genes in LS180
but not in SW480 cells following emetine treatment (GINI1). As
the level of mRNA for these genes is lower in LS180 than in SW480
cells, this suggests that basing only on GINI1 analysis all six genes
would be selected as candidates for sequencing. GINI2 analysis,
however, demonstrates the mRNA increases only for the TGFBR2,
CTNND1 and FXR1 genes containing mutations but not for the
PIM1, ID2 and ENC1 genes not harboring mutations in LS180
cells. CAC is the abbreviation for the pretreatment with caffeine
followed by treatment with both actinomycin D and caffeine to
block both transcription and NMD. CA is the abbreviation for the
pretreatment with caffeine followed by treatment with actinomycin
D alone.
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different systems, the problems associated with distin-
guishing stress response genes from mutated genes led to
extensive unnecessary sequencing of genes that turned
out not to carry mutations even despite custom filtering
of the data. Even the use of actinomycin D to suppress
de novo mRNA synthesis provided limited advantages,
as the overall reduction in mRNA levels as a result of
this treatment prevented detection of events related to
moderately expressed genes. In this report, we describe a
second-generation version of GINI analysis (GINI2),
which uses caffeine as the inhibitor of NMD and
incorporates a pretreatment step to boost overall
mRNA levels. Using this strategy, in combination with
the original GINI protocol, we have identified a series of
genes, which are mutated in colon caner cell lines with
MSI. In many cases, these genes have also been shown
to be mutated in primary colon cancer tumors with
MSI. Thus, the GINI2 approach has proved a
significant development in the search for colon cancer-
related genes. Using a modified GINI strategy, we have
analysed five MSI-positive colon cancer cell lines and
identified 13 novel genes that are mutated in colon
cancers with MSI.

As arbitrarily chosen cutoff thresholds were used to
select candidate genes for sequencing analysis, we have
likely missed some genes harboring NMD-activating
mutations in the cell lines analysed. For example, our

series of mutant genes does not include BAX, RIZ,
PTEN, RAD50, CASPASE-5, IGFIIR, MSH6, DNA-
PKCs and many others that have been reported to be
mutated at high frequencies in colorectal cancers with
MSI. It is possible that many of these genes do not
contain bi-allelic frameshift mutations in the cell lines
analysed. The BAX gene, however, is known to harbor
mutations in both alleles in LoVo and LS180 cells
(Rampino et al., 1997), but has not been identified as the
target for sequencing using our analysis. This fact is in
agreement with recent publication describing differential
NMD of mutated mRNAs in MMR-deficient colorectal
cancers (El-Bchiri et al., 2005). The cause for the
difference in the efficiency of NMD for the degradation
of mutant mRNAs between individual genes is un-
known. It is possible that the extent of the increase in
mutant mRNA levels produced by NMD inhibition
depends on the half-life of the corresponding wild-type
mRNA transcripts. For example, if non-mutant mRNA
for a hypothetical gene is degraded regardless of NMD
immediately after the first round of translation, then the
inhibition of NMD for the same gene harboring PTC
will not result in accumulation of the mutant transcript.
If this suggestion is true, then identifying mutant genes
using GINI analysis for the transcripts with short
half-lives will be less efficient than for the transcripts
with longer half-lives. Loosening the stringency of the

Table 2 Genes mutated in colon cancer cell lines identified using GINI

Gene Gene symbol Mutation Cell line with gene
mutated

Function

RNA-binding motif protein 35A RBM35A DelA in (A)8 nt 1528–35 LS180 RNA binding
Myristoylated alanine-rich
protein kinase C substrate

MARCKS DelA in (A)11 nt 454–64 LS180, LoVo Actin filament binding

BPY2 interacting protein 1 BPY2IP1 DelC in (C)6 nt 588–93, Del AG
in (AG)4 nt 1447–54

LS180 Interacts with natural
paclitaxel-like microtubule
stabilizer

Fragile X mental retardation,
autosomal homolog 1

FXR1 DelA in (A)8 nt 364–71 Ls180 RNA binding

Catenin (cadherin-associated
protein), delta 1

CTNND1 TGG-TGA nt 1431, DelTG in
(TG)2 nt 940–4

LS180 Cell-cell adhesion

Ring finger protein 43 RNF43 DelC in (C)6 nt 343–48, DelG in
(G)7 nt 1969–75, DelTG in
(TG)3 nt 891–5

HCT116, SW48 Protein ubiquitination

SEC31-like 1 (Saccharomyces
cerevisiae)

SEC31L DelA in (A)9 nt 1376–84 HCT116 ER to Golgi transport

Nuclear receptor co-repressor 1 NCOR1 DelC in (C)4 nt 5494–7, InsA in
(A)6 nt 1568–73, DelTG in
(TG)2 nt 2463–6

RKO, HCT116 Regulation of transcription

mutS homolog 3 (Escherechia
coli)

MSH3 DelA in (A)8 nt 1141–8 RKO, HCT116 DNA mismatch repair

Hyaluronan-mediated motility
receptor

RHAMM DelA in (A)9 nt 1990–8 RKO Cell motility

PHD finger protein 14 PHF14 DelA in (A)7 nt 530–6 HCT116 Regulation of transcription,
DNA-dependent

Zinc finger protein 294 ZNF294 DelA in (A)11 nt 1597–1607 Lovo, HCT116, RKO Protein ubiquitination
Stromal membrane-associated
protein 1

SMAP-1 Del A in (A)10 nt 425–434 HCT116, SW48, RKO Regulation of GTPase
activity

HLA-B associated transcript 3 BAT3 DelC in (C)8 nt 1180–7 LoVo Implicated in the control of
apoptosis and regulating heat
shock protein

Beta-2-microglobulin B2M Del CT in (CT)4 nt 37–44 LoVo MHC class I receptor activity

Abbreviations: Del, deleted; ER, estrogen receptor; Ins, inserted; nt, nucleotides.
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analytical filter, by using a lower numerical ‘cutoff’ for
the fold change thresholds in GINI1 or GINI2 will
increase the number of candidates for sequence analysis,
which might increase the number of mutant genes
identified. This may, however, also result in a higher
number of false positives, in turn reducing the efficiency
of identifying mutant genes.

The GINI strategy can efficiently identify only those
mutations, which affect both alleles of a gene and result in
PTC inactivating gene function. Such mutations suggest
possible tumor suppressor function of these genes.
Identifying inactivating mutations in both alleles of the
CTNND1 gene in LS180 cells (Figure 5a) illustrates the
efficiency of GINI for the identification of candidate

Figure 5 Mutation analysis of candidate genes selected using GINI. (a) Sequencing analysis identified two heterozygous mutations in
LS180 cells in the CTNND1 gene (one is a G to A substitution resulting in a TGA stop codon and the other is TG deletion in a (TG)2
repeat (shown on the minus strand sequencing chromatogram). A homozygous deletion of one adenosine in FXR1 gene is seen, and a
homozygous deletion of one cytosine and two heterozygous mutation (a deletions of a G in a (G)7 and TG in a (TG)3 repeats) are seen
in RNF43 in HCT116 and SW48 cells, respectively. Wild-type sequences of the corresponding normal region from SW480 cells are
shown as controls. (b) RT–PCR analysis of RNF43 mRNA levels in both untreated and emetine treated colon cancer cells. Cell lines
HCT116 and SW48, with identified inactivating mutations in the RNF43 gene, show mRNA increases following inhibition of NMD
with emetine, unlike LS180 and HT29, which do not have RNF43 mutations. Cell line RKO does not express RNF43 mRNA. (c)
Denaturing sequencing gel electrophoresis shows shifts in mobility for nine PCR-amplified fragments indicating frameshift mutations.
Frameshift mutations in the RBM35A gene in colon tumors with MSI (indicated by the *) sign were detected by autography of PCR-
amplified genomic DNA region containing the (A)8 tract.
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tumor suppressor genes. CTNND1 has been also found to
be mutated by others in SW48 MSI-positive colon cancer
cells and the tumor suppressor function of this gene had
been supported by functional studies (Ireton et al., 2002;
Thoreson and Reynolds, 2002).

The majority (12/13) of the mutations in colon cancer
cell lines identified using GINI analysis occurred in
coding microsatellite sequences in the genes involved.
On a background of inactivated MMR, it is possible
that these mutations could occur as a consequence of the
high overall instability of microsatellite DNA (bystan-
der effect), rather than being tumor cell promoting
events. Clearly, the only way to distinguish between
these possibilities is to perform functional studies to
determine whether they play a role in the development
of the malignant phenotype. GINI analysis provides the
candidate genes to perform these analyses. There have,
however, been some estimates of the mutation frequen-
cies in coding microsatellites of the genes contributing to
tumor development (target genes) (Boland et al., 1998;
Perucho, 1999a, b; Duval et al., 2001, 2002; Zhang et al.,
2001; Suzuki et al., 2002; Woerner et al., 2003), which
appears to depend largely on the length of the repeat
(Kunkel et al., 1994; Chen et al., 1995). According to
statistical analyses describing the relationship between
the mutation frequency and the relevance to tumor
development, the frequency of the mutations in coding
microsatellites in bystander genes (not related to
tumorigenesis) are no higher than the frequency of
mutations in non-coding microsatellites of the same
length and type (Duval et al., 2002; Woerner et al.,
2003). The frequency of mutations seen in many non-
coding repeats that are less than nine mononucleotides,
has been shown to be lower than 6% (Suzuki et al.,
2002) and so the mutations seen in the RBM35A gene,
for example, are less likely to be due to a bystander
effect, as this gene was mutated in 25% of primary
tumors with MSI (Table 2 and Figure 5).

To our knowledge, there are no studies describing the
frequency of mutations at non-coding microsatellites
that are less than eight nucleotides long. During our
screen for mutations using PCR products derived from
genomic regions containing mononucleotide repeats in
the regions flanking exons in over 100 sequencing
analyses, we have never encountered mutations in these
sequences. We suggest, therefore, that bi-allelic frame-
shift mutations occurring in the short-coding micro-
satellites of BPY2IP1, NCOR1 and RNF43 genes
(Table 2) are unlikely to be due to background
instability of coding microsatellite repeats. Moreover,
each allele of these genes was inactivated by different
heterozygous mutations, indicating the absence of a
particularly unstable repetitive sequence in the coding
DNA in these genes. Instead, these mutations may be
considered to provide a selective advantage as a result of
gene inactivation.

The protein encoded by BPY2IP1, also known as cell
death inducer C19ORF5, is a hyperstabilized micro-
tubule-specific binding protein, which causes mitochon-
drial aggregation and cell death (Liu et al., 2005c). Its
involvement in tumor suppression is suggested by its

interaction with natural paclitaxel-like microtubule
stabilizer and candidate tumor suppressor RASSF1A
(Liu et al., 2002, 2005a–c), which is frequently silenced
by promoter hypermethylation in colon tumors with
MSI (Oliveira et al., 2005).

Although the role of the NCOR1 gene in suppression
of colon tumorigenesis has not been reported, there is
evidence for its involvement in the development of
breast cancer. NCOR1 associates with estrogen recep-
tor-a (ER-a) preventing tamoxifen from stimulating
proliferation in breast cancer cells. This effect is
achieved through repression of a subset of target genes
involved in ER-a function and cell proliferation (Keeton
and Brown, 2005). It has also been shown that low
NCOR1 expression in breast tumors was associated with
a significantly shorter relapse-free survival (Girault
et al., 2003) and that patients with high NCOR1
expression levels have a better prognosis than those
with low expression (Zhang et al., 2005). Mutational
inactivation of this gene in colon cancer cell lines also
suggests a role for NCOR1 in colon cancer.

The RING finger protein 43 (RNF43), which shows
homozygous deletion of one nucleotide in a (C)6 repeat
in HCT116 cells, and two heterozygous mutations in
other parts of the gene in SW48 cells (Figure 5a), does
not express mRNA in RKO cells as shown by RT–PCR
analysis. MSI in RKO cells is known to be the
consequence of hMLH1 gene silencing due to promoter
hypermethylation (Veigl et al., 1998). It is possible,
therefore, that the loss of expression of the RNF43 gene
in RKO cells may also be due to an epigenetic
mechanism. Loss of gene expression in one cell line,
and the mutational inactivation in the others, argues in
favor of the selective advantage provided by inactivation
of the RNF43 gene. The presence of a RING finger
domain in the protein sequence can be associated with
the ubiquitin-protein ligase activity of the gene product,
suggesting a possible involvement in the mechanism of
cell cycle progression as well as in the regulation of the
expression of other genes by initiating the degradation
of their protein products (Fang et al., 2003).

In addition to RNF43 and NCOR1, several other
genes that contain bi-allelic inactivating mutations in
colon cancer cell lines may affect the gene expression
profiles of cancer cells. The RBM35A gene, which
contains an RNA-binding motif may be involved in
mRNA splicing or degradation. ZNF294, which is
mutated in all of the MSI-positive colon cancer cell
lines analysed, also contains a RING finger motif which,
like RNF43, may regulate the expression of other genes
through its ubiquitin-protein ligase activity. FXR1,
which is mutated in LS180 cells, has recently been
shown to post-transcriptionally regulate the expression
of genes containing AU-rich elements within the 30-
untranslated regions of their mRNA. This regulation
modulates translational efficacy and mRNA stability
(Garnon et al., 2005). The plant homeodomain finger
protein (PHF14) gene that is mutated in HCT116 cells
contains a plant homeodomain (PHD) finger domain
known to be involved in chromatin-mediated transcrip-
tional regulation (Aasland et al., 1995). Although some
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of these genes may not contribute to colon tumori-
genesis directly, they may regulate the expression of
known or yet unknown oncogenes or tumor suppressor
genes that function downstream of these mutated genes.
Functional in vivo studies in mice are required to provide
a definite proof for the role of mutant genes in colon
cancer development.

Only one mutant gene (SMAD4 in HT29 cells) has
been identified in two MSI-negative colon cancer cell
lines HT29 and SW480 using the same GINI2 strategy.
This is in agreement with the lower mutation rate
reported in cells with functional MMR. It is noteworthy
that both of these cell lines have p53 mutations, whereas
MSI-positive cell lines usually have wild-type p53. It is
possible, therefore, that the higher frequency of detect-
able mutant genes in cells with inactivated MMR can
compensate the absence of p53 mutations. It is also
possible that epigenetic mechanisms of gene inactivation
may substitute for the mutational inactivation of genes
in MSI-negative cells.

Methods

Cell culture and drugs treatments
Colon cancer cell lines were obtained from American Type
Culture Collection repository and maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum and antibiotics. All NMD inhibiting drugs were added
when cells achieved 50–90% of confluence.
The emetine treatment (GINI1) protocol was as described

previously (Ionov et al., 2004b). Briefly, cells were incubated
for 8 h in tissue culture medium containing 100 mg/ml of
emetine before total RNA was extracted from emetine treated
or untreated cells. The caffeine, cantharidin and okadaic acid
treatment protocols were as described for emetine using
concentrations of 10mM for caffeine and 100 nM for okadaic
acid or cantharidin. In the latter two cases, the incubation
times were reduced to 3 h to reduce cell death.
The GINI2 treatment was as follows. Cells were seeded in

two tissue culture plates and caffeine (10mM) was added to
both plates. Following 4-h incubation, the medium from both
plates was removed, cells were washed twice with phosphate-
buffered saline and actinomycin D (2 mg/ml) together with
caffeine (10mM) was added to one plate and actinomycin D
alone was added to the other plate. Following further 4-h
incubation, total RNA from both plates was prepared and
used for Northern blotting as well as for Affymetrix
U133Plus2.0 oligonucleotide array analysis.

RNA isolation and Northern blot
Total RNAs for microarray and Northern blot analysis were
prepared using TRIZOL reagents (Invitrogen, Carlsbad, CA,
USA). For Northern blots, 20mg of total RNA was size
fractionated on 1% agarose formaldehyde gels and then
transferred to nylon membranes (Hybond-N, Amersham,
Boston, MA, USA). Hybridizations with radiolabeled probes
were carried out at 681C using MyracleHyb solution (Strata-
gene, Cedar Creek, TX, USA) according to the manufacturer’s
protocol. Radioactivity was detected and quantified using
a PhosphorImager (Molecular Dynamics, Sunnyvale, CA,
USA). Radiolabelled probes generated by PCR from RNA-
derived cDNA were generated using the random-primed DNA
labeling kit (Roche, Indianapolis, IN, USA).

Affymetrix oligonucleotide array data analysis
Messenger RNA levels in drug treated and untreated cells were
measured using the Affymetrix U133Plus2.0 array. GeneChip
expression array analysis was performed using Affymetrix
Microarray Suite software version 5 (GeneChip Analysis
Suite). This software uses two independent sets of algorithms,
a quantitative algorithm (robust estimator of the mean
difference in probe intensities) that computes the raw signal
and the SLR directly from the hybridization intensities of the
probes, as well as a confidence algorithm (nonparametric) that
provides P values to estimate the confidence in detection
(absent or present) or change (increase, decrease or no change)
of a specific target.
An adaptation of RMA (Irizarry et al., 2003), with specific

correction for GC biases known as GC-RMA (Wu et al., 2004)
procedure was applied for the .CEL files of Affymetrix
U133Plus2.0 data to further filter candidates for sequencing
analysis. The resultant SLRs were generated based on pairwise
comparison between the various treatments and control
groups. GC-RMA uses only the perfect match (PM) intensity
values and ignores the mismatch (MM) intensities which have
been shown to introduce variation (Naef et al., 2002). The
normalized PM values were then log transformed and all the
probes in a set representing specific genes were analysed using
Tukey’s median polishing procedure.

Sequencing analysis
One microgram of total RNA from emetine treated colon
cancer cells was reverse transcribed using the SuperScript II
protocol (Invitrogen, Carlsbad, CA, USA). Overlapping PCR
primer sets were used to generate products spanning the entire
open reading frames for candidate genes. Primers for sequen-
cing analysis were designed using Primer3 software
available online (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). Genomic DNA samples from colon tumors
with MSI were purchased from Oncomatrix (Ocean Side, CA,
USA). Primers for PCR amplification of genomic DNA
fragments containing coding microsatellite sequences were
designed using Primer3 software and are available upon
request. The PCR products were gel purified and sequenced
using the Applied Biosystems’ PRISM 3100 Genetic Analyzer.

Analysis of frameshift mutations in DNA from primary
colon tumors
Regions of approximately 100 bp encompassing the mono-
nucleotide repeats of specific genes were amplified by PCR
using specific primers (sequences are available upon request).
PCR was carried out with Vent DNA polymerase (New
England Biolabs, Boston, MA, USA) with one cycle at 941C
for 4min followed by 30 cycles of 94, 54 and 681C, for 30 s
in each cycle in the presence of 0.2 mCi of [33P]dCTP
(1 Ci¼ 37GBq) (PerkinElmer, Boston, MA, USA). PCR
products were electrophoresed in a SequaGel XR (National
Diagnostics, Atlanta, Georgia, USA) polyacrylamide gel. The
gel was dried on filter paper and subjected to autoradiography.
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Figure 1: Chromosome 22q profiles from Pollack J.R. et al., 2002 (7)
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Figure 3: Adapted from Ivanov I. et al., 2007 (5). Theoretical depiction of changes in mRNA levels for stress response and PTC-containing
genes following different protocols to inhibit NMD. (a) Continuous treatment of cells with an inhibitor of NMD results in increase of mRNA
levels for PTC-containing genes, as well as for stress response genes. Microarray hybridization analysis cannot distinguish between the two
causes of these increases: the enhanced mRNA synthesis due to stress response or the decreased mRNA degradation in case of PTC-containing
genes. (b) When transcription is prevented using Actinomycin D, even though NMD is blocked, the levels of PTC-containing transcripts and
stress response genes are too low to be efficiently detected by microarrays. Changes in mRNA levels induced by NMD inhibition detected by
hybridization analysis for many genes are within the 'hybridization noise', and are not reliable. (c) Blocking NMD for 4 h allows the
accumulation of both PTC-containing transcripts and stress response gene transcripts to levels where they should be detected on the expression
arrays. When transcription is blocked after this initial accumulation, the degradation of PTC-containing transcripts should occur quickly if the
NMD blocking agent is removed, or will be delayed when NMD is sustained. The degradation of stress response transcripts after blocking
transcription, on the other hand, does not depend on NMD. As a result, significant mRNA differences should be detected on the expression array
for PTC-containing genes but not for the stress response genes.
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Figure 4:  Comparison of GINI-1 and GINI-2 for ability to detect a TP53 nonsense
mutation in PC-3 prostate cancer cells
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Figure 5:  Examination of off-target effects of GINI-1 and GINI-2: modulation of
wild-type p53 mRNA levels in MCF-7 cells
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Figure 6:  Examination of off-target effects of GINI-1 and GINI-2: modulation of
wild-type total PPARgamma mRNA levels in PC-3 cells
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Figure 7:  Examination of off-target effects of GINI-1 and GINI-2: modulation of
wild-type total PPARgamma mRNA levels in MCF-7 cells
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